For living deep-tissue imaging, the optical window favorable for light penetration is in near-infrared wavelengths, which requires fluorescent proteins with emission spectra in the near-infrared region. Here, we report that a single mutant Ser28His of mNeptune with a near-infrared (!650 nm) emission maxima of 652 nm is found to improve the brightness, photostability, and pH stability when compared with its parental protein mNeptune, while it remains as a monomer, demonstrating that there is still plenty of room to improve the performance of the existing near infrared fluorescence proteins by directed evolution.
Introduction
Fluorescent proteins (FPs) provide unique opportunities for noninvasive labeling and tracking specific proteins in living organisms in real time. Many GFP-like mutants with a wide range of emission spectrums had been constructed by mutagenesis for multiple purposes. In recent years, one of the most attractive applications is deep optical imaging in mammalian tissues or whole body, which requires near-infrared (NIR) fluorescent probes. In the so-called NIR 'Optical Window' (from 650 to 900 nm) favorable for the visualization in living tissues, mammalian tissues are more transparent to light. Because, in this optical window, the combined absorption of the main photon absorbers (melanin and hemoglobin) within the visual spectrum in living tissues is minimal and the intensity of light scattering caused by animal tissues drops off as the wavelength increases [1] . Several FPs whose emission maxima reach the 650 nm barrier have been developed, such as HcRed [2] , mPlum [3] , AQ143 [4] , mNeptune [5] , TagRFP657 [6] , and eqFP650 [7] . The first three were earlier reported FPs with the emission spectrum in the far-red or near-infrared region, and the latter three were recently reported brighter FPs, among which eqFP650 is known to be the brightest. Up to now, the maximum emission wavelength of FPs has broken through the barrier of 670 nm, such as the variants eqFP670 [7] and TagRFP675 [8] , although their quantum yields are relatively lower. For living deep-tissue imaging, a FP should have a longemission wavelength with higher quantum yield and molar extinction coefficient. Besides, it should be in a true monomeric structure in solution when used as a labeling tag of a target protein through fusion technology, which is required for correct targeting and localization of fused constructs in living tissues.
We selected mNeptune (excitation peak/emission peak at 600 nm/650 nm) which inherit the brightness advantage of its precursor mKate [9] , as the initiation protein to carry out directed evolution, due to its long-emission wavelength and preferable monomeric property among those FPs mentioned above. In the current study, 11 pairs of degenerate primers were used to introduce saturated mutations on the neighboring amino acid sites around the chromophore. Finally, two variants with improved brightness, L13T and S28H, were screened out from the mutation libraries by a site-directed saturation mutation method. Among them, only the single mutant S28H maintains the maxima fluorescence emission .650 nm. Compared with its precursor, mNeptune_S28H (substitution of serine with histidine) possesses the maximum emission wavelength of 652 nm while retains the same monomeric characteristic as that of mNeptune.
to introduce mutations at the neighboring residue sites around the chromophore by overlapping polymerase chain reaction (PCR). To construct mutation libraries, plasmids containing the mutant genes of FPs were transformed into chemically competent Escherichia coli strain TG1 or XL1 Blue strain (Invitrogen, Carlsbad, USA). Then, these strains were incubated overnight at 378C on LB agar plates and then stored at room temperature for 2 days. The plates with fluorescent colonies were first screened for transmitted color by visual inspection. Among all the fluorescent colonies on the plates, the colonies appearing blue color were marked on the bottom of the plates, and were further screened for the bright colonies by a fluorescent stereomicroscope Nikon SMZ 1500 equipped with 550-615 nm excitation filter and 635-685 nm emission filter (Nikon, Tokyo, Japan). Then, the bright colonies, screened out from thousands of colonies, were first cultured in 2 ml LB/ampicillin medium in the 96-deep well plates at 378C for 24 h, and then were stored at 48C until the cells appear blue or purple color. Subsequently, the cell pellets were re-suspended in phosphate buffered saline (PBS) buffer (pH 7.4) after centrifugation, and the OD 600 values and the fluorescence emission intensities at the maximum emission were measured by a Synergy H1 microplate reader. For this screening, E. coli cells transformed with the expression plasmid of pQE30-mNeptune were used as controls. By normalizing the maximum fluorescence emission intensities with the OD 600 values, the brightness of all mutant cells and the control cells was finally quantified. By comparing the normalized brightness of mutant cells with that of the control cells, mutant clones with improved brightness were chosen for the subsequent experiments.
Protein expression and purification eqFP650, mNeptune, and mNeptune_S28H were expressed in XL1 Blue strain. The bacterial cultures were grown overnight at 378C and further incubated at 258C for 12 h according to previous methods [11] . Cultures were collected by centrifugation, and then the cell pellets were resuspended in the binding buffer (20 mM Tris-HCl, 500 mM NaCl, 20 mM imidazole, pH 8.0) and lysed by sonication. The recombinant proteins were purified using an Ni-NTA His-Bind resin (GE Healthcare, Bethesda, USA), followed by a gel filtration step using a Superdex-200 size exclusion column (GE Healthcare). The proteins were stored in PBS for further analysis.
Gel filtration assays
Gel filtration analysis of mNeptune_S28H, mNeptune, and eqFP650 ( 3-4 mg/ml) in PBS (pH 7.4) was performed using a Superdex 200 10/300 GL column (GE Healthcare).
Spectroscopic characterization
Absorption spectra of FPs were recorded by a PerkinElmer LAMBDA 25 UV/Vis Spectrophotometer (Perkin Elmer, Waltham, USA). A PerkinElmer LS55 fluorescence spectrophotometer equipped with a red sensitive photomultiplier tube (Hamamatsu Photonics, Hamamatsu, Japan) was used for measuring their excitation/emission spectra. Molar extinction coefficients were quantified by mature RFP chromophore concentration [12] . Briefly, FPs were alkalidenatured with an equal volume of 0.2 M NaOH, under which the RFP chromophores of FPs completely were converted to GFP-like chromophores with an extinction coefficient of 44,000 M 21 cm 21 [13] . Absorption spectra of native and alkali-denatured proteins were measured. On the basis of the absorption of denatured proteins, molar extinction coefficients for the native state were estimated. To accurately measure the quantum yields, proteins were first diluted in PBS (pH 7.4) with UV absorption values in the range of 0.01-0.05. Fluorescence intensity of the mutant FP was compared with that of mNeptune (quantum yield 0.20).
The pH studies and pK a measurements In pH titration assays, FPs were dissolved in a series of buffers in the range from pH 3.0 to 11.0 (200 mM Na 2 HPO4, 100 mM citric acid for pH 3.0-7.0, 50 mM Tris-HCl for pH 7.5-9.0, and 200 mM glycine, 200 mM NaOH for pH 9.5-11.0). Equal volumes (200 ml) of the above FP solutions with a concentration of 20 mM were analyzed with a Synergy H1 plate reader in Costar UV transparent 96-well plates for the absorption spectrums. The pK a values of FPs were taken as the pH value where the absorption or the deprotonation ratio of chromophore reached 50% of the maximum.
Maturation kinetics E. coli M15/pREP4 cells (Qiagen) were transformed with pQE30 plasmids containing mNeptune, mNeptune_S28H, and eqFP650 genes. Clones from each transformation were used to inoculate a 5-ml LB starter culture, which was grown to an OD 600 of 0.5. Those starter cultures were each diluted 1 : 50 in 100 ml of fresh LB in 500 ml baffled flask, and shaken at 200 rpm at 378C. After 3 h, a pulse of gene expression was induced with 1 mM isopropyl b-D-1-thiogalactopyranoside. A chase was initiated after 20 min by inhibiting protein synthesis with 170 mg/ml chloramphenicol and 50 mg/ml tetracycline. At designated time points, 200 ml aliquots were removed from the continuously shaking cultures, and red fluorescence (590 nm excitation, 650 nm emission) was immediately measured using a Synergy H1 fluorescent microplate reader. When red fluorescence was fully matured, the FPs would exhibit the maximum fluorescence intensities. The maximum fluorescence intensities at this time were normalized to 100%. The curves were fitted out according to the percentages of red fluorescence at various time points and sigmoidal function. Maturation times t one-half were defined as the time point at which the fluorescence reached the half of the maximum fluorescence intensities.
Photobleaching measurements
Aqueous droplets of FPs in PBS solution were mixed with mineral oil. After sufficient vibration using Vortex-Genie 2 (Scientific Industries, Bohemia, USA), microdroplets of FPs were prepared with the size of 5-10 mm to guarantee all FPs under the same irradiation conditions. Photobleaching experiments were carried out using an Olympus IX81 inverted microscope (Olympus, Tokyo, Japan) equipped with standard 561-nm laser light source and 60 Â 1.4 NA oil immersion lens. The FP microdroplets surrounded by mineral oil were continuously illuminated for 10-15 min, and images were collected every 0.5 s. Averaged fluorescence signals of FP microdroplets from three independent experiments were quantified using PerkinElmer Volocity 5.3 software. At time zero, the fluorescence signals were normalized to 100%. Photobleaching half-life time was defined as the time point at which the signal dropped to 50% of its initial value.
Results
The variant mNeptune_S28H exhibits improved brightness, photostability, and pH stability Starting from the wild-type mNeptune, all mutations made in this study were designed to produce amino acid residue replacement surrounding the chromophore that is held by 11 b-strands and were predicted to influence its spectrum properties. Thirty amino acid sites were selected to make mutations. They are Met11, Leu13, and Met15 on b1-strand, Ser28, and Gly30 on b2-strand, Gln39, Gly41, and Ile43 on b3-strand, Phe88, Trp90, and Arg92 on b4-strand, Gln106, and Thr108 on b5-strand, Leu115, Tyr117, and Val119 on b6-strand, Trp140, Glu141, and Ala142 on b7-strand, Cys158, Asp159, and Met160 on b8-strand, Leu174, Thr176, and Tyr178 on b9-strand, Arg197, Arg198, Leu199 on b10-strand, Gln213, Glu215 on b11-strand, respectively. A degenerative primer was designed for each strand so that two or three residues would be randomly replaced by other amino acids at every PCR ( Table 1) . We also used a combination of several primer sets to introduce random combinatorial mutations at several selected sites simultaneously.
To screen out a brighter FP with a longer-emission wavelength, plates of E. coli cells transformed with mutagenized plasmid DNAs were used for the preliminary screening of mutants with improved brightness under a fluorescent stereomicroscope. The colonies appearing blue color in ambient lighting on the plates were first labeled, because the colonies exhibiting blue color demonstrated that the colonies perhaps retained a long-emission wavelength similar to that of mNeptune. After the bacteria colonies were screened by visual inspection, the labeled blue colonies continued to be screened for fluorescence using a fluorescent stereomicroscope (Nikon SMZ 1500). In this process, the CCD camera equipped on the fluorescent stereomicroscope helped to distinguish the bright colonies from thousands of colonies. After continuous mutation and selection, only two variants with improved brightness, L13T and S28H, were finally screened out from the mutation libraries by fluorescent microplate reader. The mutant L13T exhibits 1.2-fold higher brightness than mNeptune, but this mutation caused a blue shift of peak emission to 640 nm. Therefore, we did not further determine more spectral properties about this mutant. Spectral analysis by microplate reader showed that only the colony with single mutant S28H retained the maximum emission similar to that of mNeptune, with an emission peak of 655 nm. Meanwhile, we also found that the colonies transformed with mNeptune_S28H expression plasmids appeared blue color on the second day after the transformation experiment, while the control colonies with mNeptune expression plasmids appeared blue color on the first day after the transformation experiment. Thus, the maturation time of mNeptune_S28H may be slower than that of mNeptune. We characterized the mNeptune_S28H and compared its properties with those of mNeptune. The main characteristics are summarized in Table 2 . The excitation and emission spectrums were accurately scanned by a fluorescent spectrophotometer at physiological pH (PBS buffer at pH 7.4). The results showed that mNeptune_S28H exhibited excitation and emission peaks at 590 and 652 nm, respectively (Fig. 1A) .
To investigate the effect of S28H mutation on the brightness of protein, we decided to make a comparison of the brightness of mNeptune with its variant S28H. The molar extinction coefficients and quantum yields of these two proteins were determined under the same conditions. Their molar extinction coefficients were measured using an alkali denaturation method [12, 13] . The quantum yield of mNeptune_S28H was obtained using mNeptune (0.20) as a reference. At the same excitation wavelength of 590 nm and under the same scanning conditions, the emission spectrums of mNeptune and mNeptune_S28H in the range of 620-800 nm were recorded using a fluorescence spectrophotometer (Fig. 1B) Table 2) , and also by a higher fluorescence quantum yield of 0.25 compared with 0.20 of mNeptune ( Table 2) , resulting in 1.3-fold brighter fluorescence.
To study the effect of S28H mutation on the maturation time of FP, we performed maturation kinetics determination on mNeptune and its variant S28H respectively. The results showed that mNeptune_S28H exhibited a slightly faster maturation with maturation t one-half of 1.6 h than mNeptune (a half maturation time of 1.9 h) at 378C (Fig. 1C, Table 2 ).
Moreover, FPs used in long-term imaging studies also need to exhibit a high level of photostability. In order to study the influence of S28H mutation on protein photostability, we performed photobleaching experiments on mNeptune and mNeptune_S28H under the same measurement conditions. The photobleaching experiments were conducted using a laser scanning confocal microscope. The results showed that mNeptune_S28H was more photostable than mNeptune, with a longer photobleaching half-life time of 51 s, compared with 38 s of mNeptune (Fig. 2C,  Table 2 ).
In addition to brightness and photostability, the pH stability is also a key characteristic which determines the use potential of FP in different pH environments. To investigate the effect of pH on the absorbance spectra of proteins, a series of buffers with different pH gradients were prepared. mNeptune and mNeptune_S28H dissolved in PBS ( pH 7.4) were diluted to 20 mM, respectively, with these buffers, and the absorbance spectra from 300 to 700 nm were immediately recorded by Synergy H1 microplate reader ( Fig. 2A) . At different pH levels, the values of absorption peaks represent different deprotonation levels of chromophore. The deprotonation ratio of chromophore at pH 10.0 was set to be 100%, because the chromophore at this high pH level is almost completely in the anion state. The peak values at various pH gradients were converted into corresponding deprotonation ratios. According to HendersonHasselbalch equation and various deprontonation ratios at different pH levels, the curves of pH-dependence chromophore deprontonation about mNeptune_S28H and mNeptune were fitted out respectively (Fig. 2B) . The results showed that mNeptune_S28H exhibited slightly higher pH stability, with a pK a of 5.0, compared with 5.4 of mNeptune ( Table 2) .
Comparison of the characteristics of mNeptune_S28H and eqFP650
According to the characteristics of mNeptune_S28H measured in this study, we found that the molar extinction coefficient and quantum yield of mNeptune_S28H are apparently higher than those of eqFP650 (molar extinction coefficient is 65,000 M 21 cm
21
, and quantum yield is 0.24) ( Table 2) . So the brightness of mNeptune_S28H should be 1.1-fold than that of eqFP650. To find out whether mNeptune_S28H is brighter than eqFP650, we characterized eqFP650 under the same measurement conditions as mNeptune_S28H. The spectral analysis showed that eqFP650 had fluorescence excitation and emission maxima at 590 and 650 nm, respectively. As expected, eqFP650 was characterized by a slightly lower molar extinction (64,000 M 21 cm
) and also by a lower fluorescence quantum yield (0.20) ( Table 2 ). According to our measurements, we found that the brightness of the variant mNeptune_S28H was 40% higher than that of eqFP650. Although the photostability of mNeptune_S28H, with a photobleaching half-life time of 51 s far shorter than 130 s of eqFP650 ( Table 2) , is not as good as that of eqFP650 (Fig. 2C) , gel filtration analysis showed that the elution volumes of mNeptune_S28H and its parental protein mNeptune were nearly the same, suggesting that mNeptune_S28H still remains as a monomer compared with the known dimeric characteristic of eqFP650 (Fig. 2D) .
Discussion
Brightness of FPs reflects the capabilities of the chromophores to absorb light (described by the molar extinction coefficient) and to re-emit photons (described by the quantum yield). Due to the given physical size of the chromophore, the molar extinction coefficient is usually constant within a particular FP spectral class [15] . Thus, increasing the quantum yield plays a key role in the course of enhancing the brightness of FPs. The most representative examples occur in a series of cyan fluorescent protein (CFP) variants with brightness enhanced, such as Cerulean [16] , SCFP3A [17] , mTurquoise [18] , and mCerulean3 [19] . From the crystal structures of these reported proteins, scientists found that limiting the conformation fluctuations of amino acid side chains around the chromophore could make the chromophore tightly packed in the b-barrel, and strengthening hydrogen-bond interaction between the chromophore and its neighboring amino acids could rigidify the whole environment surrounding the chromophore [20] . As a result, the chromophore vibrations in the excited state are reduced, resulting in the decrease of non-radiative energy decay. When the chromophore is excited by light, the energy of excitation light is converted into the energy of fluorescence emission as much as possible, leading to higher quantum yield and brightness.
Due to the stronger hydrogen-bond interactions between the chromophore and its surrounding amino acids, two recently reported FPs, mNeptune2.5 and mCardinal, were found to have improved brightness and redshift in excitation and emission, when compared with their common precursor mNeptune [21] . It was shown that mutations in two key amino acid sites play a decisive role in the improvement of spectral characteristics. In mNeptune2.5, two key mutations S28H and G41N result in the enhancement of brightness. In mCardinal, two mutations S28T and G41Q lead to the formation of the stronger hydrogen-bond interactions with the acylimine of chromophore than that of its precursor, which leads to the redshift of excitation and emission spectrums. At the same time, these strengthened hydrogen-bond interactions also provide additional stabilization of the excited state of chromophore in mCardinal and help retain similar brightness with mNeptune.
Compared with the two sites between mNeptune2.5 and mCardinal, the most significant difference lies in the mutation of Ser28. mNeptune2.5 carries S28H mutation, while mCardinal has S28T mutation. Owning to a larger side chain of His than that of Thr, the distance between Residue 28 and the acylimine of chromophore in mNeptune2.5 will be evidently shorter than that of mCardinal, which possibly result in the formation of a stronger hydrogen bond between Residue 28 and the acylimine of chromophore. Therefore, we estimate that single mutant S28H should be brighter than single mutant S28T without the impact of other mutations. In addition to Residue 28, G41Q mutation in mCardinal is the key leading to spectral redshift due to a hydrogen-bond interaction between the side chain amide nitrogen of Gln41 and the chromophore acylimine oxygen. The same mutation has also been studied in another homologous FP TagRFP675 [8] . Because Asn has an analogous side chain structure with Gln, G41N mutation in mNeptune2.5 might also play an important role in the spectral redshift. Thus, we supposed that S28H mutation in mNeptune2.5 may be the main reason for the improved brightness.
When we found that the single mutation S28H in mNeptune could cause a series of significant changes in spectral performance, the same variation was reported by Chu J et al. [21] . Nevertheless, we provided a detailed analysis of spectroscopic properties. These two independent findings came to the same conclusion that the mutation S28H can cause the improvement of brightness. And we found that the most prominent feature was its increase of the quantum yield. We speculated that the side chain bulk imidazole group of Histidine was introduced into the vicinity of chromophore, resulting in the reduction of free space around the chromophore in the variant mNeptune_S28H. As a result, the chromophore is packed more tightly. Meanwhile, simulating mutation analysis by PyMol software showed that the distance of hydrogen bond between His28 and the chromophore acylimine group may be shortened after mutation (Fig. 3) , leading to the enhancement of the hydrogen-bond interactions between them. Due to the above two reasons, the vibrations of chromophore in the excited state may be reduced, resulting in the decrease of nonradiative energy decay. In a word, more dense space packing around the chromophore and stronger hydrogen-bond interactions provide a more rigid environment for chromophore matrix [22, 23] , which limits non-radiative decay of its excitedstate and thus favors the improvement of fluorescence.
On the other hand, the variant mNeptune_S28H with an emission peak of 652 nm still retained a long-emission wavelength similar to mNeptune. From the crystal structure of mNeptune (PDB code: 3IP2), the water-mediated hydrogenbond interaction between the side chain of Ser28 and the chromophore acylimine group was shown, which may be the reason for the red shift of emission wavelength [5] . Considering that the maximum emission wavelength of mNeptune_S28H is also .650 nm, we speculate that similar hydrogen-bond interactions between Residue 28 and the chromophore acylimine group may exist in this mutant as those in mNeptune.
In summary, for living deep-tissue imaging experiments, high reporter expression and high brightness of FPs are usually required. Meanwhile, the true monomeric property of FP is also required, because it will contribute to correct targeting and localization of fused constructs in living tissues. The variant mNeptune_S28H constructed in this study, with one amino acid replacement in its parental protein mNeptune, produced the highest brightness among the reported near-infrared fluorescence emission proteins, and had higher photostability compared with mNeptune while remained a monomeric structure, demonstrating that there is still plenty of room to improve the performance of the existing near-infrared fluorescence proteins by directed evolution. 
